Pallidal deep brain stimulation is an established treatment in dystonia. Available data on the effect in DYT-THAP1 dystonia (also known as DYT6 dystonia) are scarce and long-term follow-up studies are lacking. In this retrospective, multicenter follow-up case series of medical records of such patients, the clinical outcome of pallidal deep brain stimulation in DYT-THAP1 dystonia, was evaluated. The Burke Fahn Marsden Dystonia Rating Scale served as an outcome measure. Nine females and 5 males were enrolled, with a median follow-up of 4 years and 10 months after implant. All benefited from surgery: dystonia severity was reduced by a median of 58% (IQR 31-62, p = 0.001) at last follow-up, as assessed by the Burke Fahn Marsden movement subscale. In the majority of individuals, there was no improvement of speech or swallowing, and overall, the effect was greater in the trunk and limbs as compared to the cranio-cervical and orolaryngeal regions. No correlation was found between disease duration before surgery, age at surgery, or preoperative disease burden and the outcome of deep brain stimulation. Device-and therapy-related side-effects were few. Accordingly, pallidal deep brain stimulation should be considered in clinically impairing and pharmaco-resistant DYT-THAP1 dystonia. The method is safe and effective, both short-and long-term.
Introduction
Dystonia is defined as "a movement disorder characterized by sustained or intermittent muscle contractions causing abnormal, often repetitive movements, postures, or both" [1] . It is often initiated or worsened by voluntary action. The clinical presentation, etiology, and pathophysiology are heterogeneous, ranging from adult-onset focal dystonia to pediatric-onset generalized dystonia, with sometimes life-threatening conditions. The dystonia may be isolated, combined with other movement disorders, or associated with other systemic or neurological symptoms. Some forms are acquired and others are inherited. Since the discovery of the TOR1A gene and its connection to DYT-TOR1A dystonia (also known as DYT1 dystonia) in 1997, more than 200 genes linked to dystonia have been identified, with a significant increase in recent years due to the development of next-generation sequencing techniques [2, 3] . Dystonia often has a considerable negative impact on quality of life [4, 5] . Oral treatment, such as baclofen and trihexyphenidyl, provides limited and transient improvement in some patients, and intramuscular injections of botulinum toxin A are applied mainly in cases of focal dystonias [6, 7] .
Deep brain stimulation (DBS) is a well-established, albeit invasive treatment option for dystonia, as well as other movement disorders, such as Parkinson´s disease and essential tremor [8] [9] [10] [11] [12] [13] . Pallidal DBS, stimulation of the internal globus pallidus (GPi), has been evaluated for a range of different conditions, with dystonia of varying phenotype and etiology, and some patients with dystonia benefit more from this procedure than others [14] . With isolated generalized dystonia DBS produces good or sometimes even excellent results, with motor improvement ranging from 50% to 75% as assessed by a variety of methods [11, 15] . On the other hand, the outcome of DBS in individuals with dystonia in combination with other neurological symptoms or an abnormal brain MRI is less predictable, often resulting in little or no improvement [16, 17] . Thus, in order to select patients suitable for surgery, it has become of paramount importance to identify factors that predict improvement after DBS. The specific etiology of the dystonia is emerging as a relevant predictor of post-surgical improvement and the disease course after DBS [16, 18, 19] . A present challenge is to establish whether genetics can contribute to a better selection of the patients most suitable for surgery. It has been proposed that for rare disorders such as dystonia, systematic and multicenter efforts are needed to address genetic influences on DBS outcome [19] .
DYT-THAP1 dystonia (also known as DYT6 dystonia) is an isolated dystonia caused by dominant mutations in the THAP1 gene [20] . Onset typically occurs during childhood or adolescence [21] . Symptoms vary among affected individuals, but cranio-cervical, laryngeal, and oro-mandibular involvement are often observed and reported to be a very debilitating factor by children and their families. Generalization occurs in about 45% of mutation carriers [22] . The overall number of individuals with DYT-THAP1 dystonia who have undergone pallidal DBS to date is limited. The first published small case series, including 2-4 patients, reported only moderate responses to DBS [23] [24] [25] . Recently, however, a more favorable outcome, more similar to that observed in other isolated dystonias, has been reported [18, 26] .
We aimed to elucidate the clinical outcome of GPi-DBS on individuals with DYT-THAP1 dystonia and to identify potential factors that predict positive or negative changes in motor function.
Material and Method
This is a retrospective multicenter case series of individuals with DYT-THAP1 dystonia after pallidal deep brain stimulation. Patients were enrolled from 5 European centers (Stockholm, Sweden; Milan, Italy; Montpellier, France; London, England; and Cologne, Germany) and inclusion criteria were: patients affected by dystonia, with mutations/sequence variants in THAP1, who had undergone GPi-DBS with post-operative follow-up for at least 6 months at the time for data collection (2017-2018). Data were extracted from medical records by the researchers, all using a standardized protocol.
Genetic, demographic, pre-operative, and post-operative clinical data were compiled. The movement and disability subscales of the Burke Fahn Marsden Dystonia Rating Scale (BFM-M/D) were used to assess patients before and after surgery [27, 28] . The maximal BFM movement (BFM-M) score is 120 and the maximal disability (BFM-D) score 30, with a lower score indicating less severe dystonia [27] . Baseline and follow-up raw scores (BFM-M/D) are presented individually ( Table 1 , Figure 1 ), as median and interquartile range (IQR) in the result section, and as boxplots with whiskers indication minimum to maximum in Figure 2 . Changes from baseline in BFM-M/D scores were calculated and are reported as percentages. A reduction of 25% or more in the BFM movement score was used to identify DBS responders [18, 29] . For each individual, the time-point after surgery when the maximal DBS effect had been reached was identified and the corresponding BFM movement or disability score recorded. This maximal effect reflects the initial response to the procedure. The score from the last recorded follow-up is also reported and reflects how stable this effect was over time. For some individuals with a short follow-up, the maximal effect and last follow-up scores are identical.
Statistical analyses were performed using the SPSS version 25 software (IBM, Armonk, NY, USA). Wilcoxon signed rank test was used for ordinal data to analyze potential differences in dystonia burden assessed by BFM M/D before and after GPi-DBS. Effect size was calculated after having used the Wilcoxon signed rank test using the formula r = z/ √ n, where z = the result obtained from the test statistics, and n = number of observations. An effect size of r = 0.1 was considered small, r = 0.3 medium, and r = 0.5 or more large. The Spearman correlation coefficient was used to explore correlations between different variables (age at surgery, disease duration before surgery, preoperative disease burden) and outcome (percent change in BFM-M at the time for maximal effect compared to baseline). The size of the correlation coefficient was interpreted as negligible (0.0 < 0.3), low (0.3 < 0.5), moderate (0.5 < 0.7), or high (0.7-0.9).
The study was pre-approved by the Regional Ethics Committee in Stockholm, Sweden, (no 2017/983-31/1). Informed consent was obtained from all participants and, when appropriate, their caregivers. The study adhered to the recommendations of the Helsinki declaration. The BFM-M score was reduced from a median of 52.5 (IQR 35.8-62.0) before surgery to 18.5 (IQR 14.4-37.3) at the last follow-up (p = 0.001; effect size r = 0.62) at a median time of 4 years and 10 months. The BFM-D score showed a similar effect with a reduction from a median of 10.0 (IQR 8.3-14.5) before DBS to 7.0 (IQR 5.3-9.5) at the last follow-up (p = 0.006; effect size r = 0.52). An effect size >0.5 was considered large, indicating that the improvement at last follow-up was large as assessed by both the BFM-M (effect size 0.62) and BFM-D (effect size 0.52).
As per the definition of a DBS-responder (see methods), 12 of our 14 patients could be classified as responders (Table 2 ). However, patient 3 was later reclassified as a secondary non-responder, with worsening of symptoms and only 21% reduction of dystonia 11 years after DBS compared to baseline as assessed by the BFM-M. For the whole group, the median reduction in the BFM-M score was 63% (IQR 45-77) when maximal effect was reached and 58% (IQR 31-62) at the last follow-up. The corresponding median reductions in the BFM-D score were 45% (IQR 3-56) and 32% (IQR 15-46).
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Results

Baseline Characteristics
Fourteen individuals, 9 females and 5 males, with dystonia and sequence variants in THAP1 were included. Median age at dystonia onset was 9 years (range 4-42 years). Several oral medications and/or botulinum toxin injections had been administered to all patients before DBS, with no noteworthy or lasting clinical improvement in any case. Baseline characteristics are shown in Table 1 . For patient number 13, baseline BFM-M/D scores are missing because the initial surgical procedure was performed in another center. The scores in Table 1 for this patient are before and 1 year after a revision of the DBS-system, performed 3 years after the initial surgery.
Timing of Surgery and Follow-Up
Surgery was performed after a median disease duration of 9 years (range 2-19 years) ( Table 2) . At the time of DBS surgery, all individuals had generalized or segmental dystonia. All 14 had oro-laryngeal dystonia, causing speech impairment, and 5 were very severely affected or even anarthric. In 6 patients, to various extent, swallowing was affected. Three had documented musculoskeletal contractures prior to DBS, in the neck (patient 6 and 7) and in the feet (patient 12). The follow-up procedure differed between the 5 contributing centers, as did the length of follow-up for each patient. The median follow-up time after DBS was 4 years and 10 months, range 7 months-16 years.
Clinical Outcome
A beneficial effect of DBS surgery was reported for all 14 individuals (Table 2, Figure 1 ). Overall, a clinically relevant improvement became evident rapidly, in 5 patients within 1 month and in 6, within 3 months. For patient 8, the favorable effect appeared 6 months after DBS. For 2 patients (1 and 11) , the time when a clinically relevant improvement was first evident was not known. The maximal beneficial effect was reached after a median of 10 months (range 6-24 months). In most patients, the improvement was stable during the subsequent follow-up period, but in 4 patients, the dystonia worsened somewhat over the years (Figures 1 and 2) . A video of patient 9 is available as supplementary material as an illustration of the clinical outcome (3 preoperative and 3 postoperative sequences).
The BFM-M score was reduced from a median of 52.5 (IQR 35.8-62.0) before surgery to 18.5 (IQR 14.4-37.3) at the last follow-up (p = 0.001; effect size r = 0.62) at a median time of 4 years and 10 months. The BFM-D score showed a similar effect with a reduction from a median of 10.0 (IQR 8.3-14.5) before DBS to 7.0 (IQR 5.3-9.5) at the last follow-up (p = 0.006; effect size r = 0.52). An effect size >0.5 was considered large, indicating that the improvement at last follow-up was large as assessed by both the BFM-M (effect size 0.62) and BFM-D (effect size 0.52).
The overall improvement in dystonia following DBS was greater in the trunk and limbs than in the cranio-cervical and oro-laryngeal regions. In 10/14 patients, there was no detectable effect on speech or swallowing. The remaining 4 patients (2, 3, 12, and 13) demonstrated improvement of speech or swallowing, but less obvious than that in other regions affected by dystonia.
Correlation Timing of Surgery and Clinical Outcome
We could not identify any significant correlation between age at surgery (Spearman correlation coefficient 0.04, p = 0.905), disease duration before surgery (Spearman correlation coefficient 0.28, p = 0.336), or disease burden at the time for surgery (Spearman correlation coefficient 0.20, p = 0.502) and the effect of DBS, as assessed by the percent change in BFM-M score at the time for maximal effect compared to baseline. The individuals with contractures preoperatively (patient 6, 7, and 12) were all responders to the DBS, with 68%, 78%, and 46% reductions of dystonia at last follow-up, respectively, as assessed by the BFM-M score ( Table 2 ). 
Complications and Side Effects
DBS-device related complications and side-effects of DBS therapy were infrequent. Dysphonia related to stimulation parameters was reported in two patients. In one individual, an idiopathic edema along the lead tracks, later successfully treated with corticosteroids, was reported. Patients 11 and 13 underwent intracerebral revisions ( Table 2) . Patient 11 received a second pair of pallidal electrodes, since a progressive worsening of the cranial and upper-limb dystonia could not be sufficiently controlled with the initial DBS leads. The second surgery led to further improvement in the motor assessment, suggesting a possible somatotopic effect dependent on the location of the leads. In patient 13, the contact between electrodes and battery was disrupted and when this was discovered and corrected, 3 years after the original implant, an abdominal wound infection developed that required prolonged antibiotic treatment. This patient subsequently improved, but presented 3 years later, 6.3 years after the primary implant, with rapid loss of speech and difficulty swallowing, requiring a replacement of one intracerebral electrode. After the replacement, effective swallowing, normal oral feeding, and quiet understandable speech returned, although this patient failed to achieve the >25% reduction in the BFM movement score required to qualify as a responder.
Discussion
This study, representing the largest assessment of the efficacy of DBS in patients with DYT-THAP1 dystonia to date, included 14 individuals treated with GPi-DBS and a median follow-up of about 5 years. Our data confirm that GPi-DBS is an effective treatment option for these patients, with a median reduction of 58% in the BFM-M score at the last follow-up. Additionally, the maximal effect was observed early, after a median time of 10 months and, most importantly, the improvement remained stable throughout the period of follow-up in the majority of patients. However, DBS failed to improve the confining oro-laryngeal dystonia in more than 70% of the subjects enrolled. In this limited population with DYT-THAP1 dystonia, no obvious differences between responders and non-responders, were identified that predicted clinical outcome after pallidal DBS.
Bilateral GPi-DBS is documented as a safe and effective treatment option for patients with severe generalized and segmental dystonia [8, 10] . The variation of the response to the treatment in different dystonias is not fully understood. It is obvious that at least some of the variation can be explained by genetic etiology [19] . Examples of monogenic dystonias known to improve to different degrees after pallidal DBS include DYT-TOR1A dystonia (also known as DYT1 dystonia), DYT-KMT2B dystonia, and DYT-ATP1A3 dystonia (also known as DYT12 dystonia). The first dystonia for which the specific genetic cause was identified was DYT-TOR1A dystonia and the comprehensive data concerning DBS on such patients reveals excellent and long-lasting motor improvement [15, 16, 18, 30, 31] . In one study including 47 individuals with DYT-TOR1A dystonia, dystonia severity was reduced by an average of about 80% two years after DBS and in some patients, the effect remained stable during follow-up for up to 8 years [30] . In the case of DYT-KMT2B dystonia, Meyer et al. reported that 10 individuals responded well to DBS [32] . However, no quantification of the improvement was reported, thus no comparison to other genetically-determined dystonias is possible. In contrast, DYT-ATP1A3 dystonia (rapid-onset dystonia parkinsonism), caused by mutations in the ATP1A3 gene, is an example of a combined dystonia disorder where afflicted individuals appear to receive no benefit from DBS, although to our knowledge, only 5 such patients have been reported on so far [33, 34] .
Regarding the effect of DBS on patients with DYT-THAP1 dystonia, available evidence is limited. In the first two reports, published in 2010 and including a total of 6 patients, the outcome was described as less obvious than in the case of DYT-TOR1A dystonia [23, 24] . However, a recent study including 9 patients with DYT-TOR1A dystonia, 8 with DYT-THAP1 dystonia, and 38 with unknown forms of isolated dystonia, with a post-operative follow-up between 22 and 92 months, showed similar long-term improvement of BFM-M in DYT-TOR1A and DYT-THAP1 mutation carriers (−44% and −42% respectively) [18] . In another study, three family members, all carrying the same mutation in the THAP1 gene, were monitored up to 11 years after DBS and two displayed a highly effective response, with 39% and 67% improvement, as assessed by the BFM scale [26] . Our present study supports a good clinical outcome after GPi-DBS in DYT-THAP1 dystonia, with a 58% median reduction in BFM-M score during a median follow-up for about 5 years. It has been proposed that due to a more variable and less predictable outcome after DBS in DYT-THAP1 dystonia than DYT-TOR1A dystonia, genetic testing should be performed preoperatively [18] . Since the etiology of dystonia influences outcome after DBS, we agree that comprehensive genetic testing should be performed preoperatively. According to our findings, carriers of THAP1-mutations would then be considered well-suited for surgery.
Phenotypical differences provide another explanation for the variance in response to DBS in different kinds of dystonia. The anatomical distribution of the dystonia is one important aspect in this connection. Oropharyngeal and cranio-cervical symptoms are often considered to be the most disabling symptoms of DYT-THAP1 dystonia. Unfortunately, the effect of DBS on speech and swallowing in such patients has been disappointing [23, 24, 26] , with only a few individuals demonstrating effective improvement [35, 36] . A poor response of dysarthria/anarthria to GPi-DBS is probably not specific to DYT-THAP1 dystonia, since similar findings have been reported in connection with DYT-KMT2B dystonia [32] . One might speculate that orolaryngeal dystonia might benefit from a different localization of the electrodes than in the GPi, although this has not to our knowledge been systematically evaluated.
In our study, the effects on speech and swallowing were very limited, thereby confirming most other reports. Specifically, all 14 individuals had orolaryngeal dystonia before surgery and only 4/14 patients showed some improvement in these regions after DBS. This information can help make expectations more realistic during pre-DBS counselling of patients with DYT-THAP1 dystonia. The response of individuals with DYT-TOR1A to DBS has traditionally been considered superior to that of those with DYT-THAP1. In DYT-TOR1A dystonia, speech and swallowing are typically not affected, which might explain, at least in part, this difference in outcomes.
Several reports and reviews indicate that possible positive predictors, that might explain some of the variations in outcome after DBS include younger age at surgery, shorter disease duration preoperatively, higher disease burden at surgery, and absence of fixed postures [8, 12, [37] [38] [39] [40] . In contrast to those studies, we did not find any significant correlation between age at surgery, disease duration before surgery, or preoperative disease burden, and outcome of DBS, as assessed by the BFM-M at last follow-up compared to baseline. Moreover, our three patients with fixed postures responded well to DBS. The limited number of patients though, does not allow definitive conclusions. Nevertheless, these data support offering DBS to all pharmaco-resistant DYT-THAP1 patients, regardless of age, disease duration, or presence of fixed deformities. However, the rapid benefits of DBS emphasize the need to consider early surgery in children, to prevent the unnecessary morbidity and disability following years of living with dystonia.
Limitations of the present study include the limited number of patients enrolled, which is related to the rarity of the disorder, the absence of a control group, and the inclusion of patients from different European centers with varying follow-up programs. Furthermore, the pathogenicity of the THAP1 variants has not been confirmed for all sequence changes and some of the changes may represent rather benign variants. However, lack of affected family members on whom to perform segregation and functional assays hampers assessment of the pathogenicity of the novel variants. Another important limitation is that the BFM was the only outcome measure consistently used, whereas important outcomes addressing participation and activity or the perceptions of the individual and their families were not reported in a way that allowed presenting. Finally, the GPi was the only surgical target in our series, but combined pallidal and subthalamic nucleus stimulation has previously been suggested as possibly more efficient than pallidal stimulation only [18] .
Conclusions
In conclusion, this study contributes to the understanding of the long-term motor and disability outcome of DBS in patients with DYT-THAP1 dystonia and, consequently, some clinical recommendations can be made. In DYT-THAP1 dystonia, DBS is a safe and effective procedure both in the short and long term perspective. Its effect is rapidly observed, within the first weeks after surgery, and maximal after a median of 10 months. Therefore, DBS should be considered in patients with DYT-THAP1 dystonia with an unsatisfactory response to drugs. Patients and caregivers should be informed that the improvement after DBS can be variable and that orolaryngeal dystonia is likely to show negligible improvement after surgery, with only approximately 30% of patients achieving some functional relief. In contrast to previous studies, our data suggests that surgery should be offered also to older patients with a long disease course and even to patients with fixed deformities. Nevertheless, DBS should be considered early in children to prevent the blight of dystonia interfering with childhood social, emotional and educational development, and independence. Lastly, we suggest performing comprehensive genetic testing of all patients with dystonia considered potential candidates for DBS, since the underlying molecular defect might contribute significantly to predicting the efficacy and functional outcome of DBS.
Supplementary Materials:
The following are available online at http://www.mdpi.com/2077-0383/8/12/2163/s1. Video patient 9: The selected sequences document a girl with dystonia with three distinct distributions, previous to and during follow-up with deep brain stimulation. Preoperative sequences are recorded at age 11. Sequence 1 documents trunk dystonia severely altering standing and gait. Sequence 2 shows right upper limb dystonia impairing handwriting. Sequence 3 documents speech alteration with hypophonia. Postoperative sequences recorded at age 15, four years after DBS initiation. Sequence 1 documents the significant and lasting control of dystonia involving trunk. Sequence 2 illustrates handwriting and partial decrease of dystonic features involving the right upper limb. Sequence 3 illustrates the lack of significant improvement of speech (hypophonia) with pallidal DBS. 
